In Escherichia coli, three different types of proteins engage the SecY translocon of the inner bacterial membrane for translocation or insertion: (1) polytopic membrane proteins which prior to their insertion into the membrane are targeted to the translocon using the bacterial signal recognition particle (SRP) and its receptor, (2) secretory proteins which are targeted to and translocated across the SecY translocon in a SecA and SecB dependent reaction and (3) membrane proteins with large periplasmic domains, requiring SRP for targeting and SecA for the translocation of the periplasmic moiety. In addition to its role as targeting device for membrane proteins, a function of the bacterial SRP in the export of SecB-independent secretory proteins has also been postulated. In particular, ß-lactamase, a hydrolytic enzyme responsible for cleavage of ß-lactam-ring containing antibiotics, is considered to be recognized and targeted by SRP. To examine the role of the SRP-pathway in ß-lactamase targeting and export we performed a detailed in vitro analysis. Chemical cross-linking and membrane binding assays did not reveal any significant interaction between SRP and ß-lactamase nascent chains. More importantly, membrane vesicles prepared from mutants lacking a functional SRP-pathway, did block the integration of SRP-dependent membrane proteins but supported the export of ß-lactamase in the same way as that of the SRP-independent protein OmpA. These data demonstrate that in contrast to previous results, the bacterial SRP is not involved in the export of ß-lactamase and further suggests that secretory proteins of gram-negative bacteria in general are not substrates of SRP.
INTRODUCTION
To target newly synthesized proteins to the SecYEG translocon of the inner bacterial membrane, Escherichia coli employs two different protein targeting routes. Secretory proteins destined for the periplasmic space or the outer membrane are recognized posttranslationally by the cytoplasmic chaperone SecB and are subsequently transferred to SecA, which translocates the preprotein across the SecYEG channel in an ATP-dependent manner (1, 2) . Inner membrane proteins on the other hand are selectively recognized by the bacterial signal recognition particle (SRP) 1 , consisting of the protein Ffh and the 4.5S RNA. Upon binding of SRP, ribosome associated nascent chains of membrane proteins are cotranslationally targeted to FtsY, the bacterial homologue of the SRP receptor, and are finally inserted into the lipid bilayer through the SecYE translocon (3-7).
For a subset of integral membrane proteins, i.e. membrane proteins with large periplasmic domains, SRP and SecA cooperate during the integration process (8) (9) (10) . Targeting of these proteins to SecY is exclusively mediated by SRP and FtsY, leading to a stable binding of ribosome associated nascent chains to the translocon. Translocation of the periplasmic moiety across the inner membrane, however, requires the activity of SecA.
There is conflicting evidence as to the involvement of SRP in the targeting of a subset of secretory proteins like ß-lactamase, alkaline phosphatase (PhoA) or ribose-binding protein (11) .
The depletion of either FtsY or Ffh concomitantly leads to decreased translocation of these proteins, suggesting that SRP and its receptor are involved in their export across the inner by guest on http://www.jbc.org/ Downloaded from 4 bacterial membrane (11) (12) (13) . Since these proteins are considered to be SecB independent, it had been proposed that SRP functions as an export specific chaperone rather than a targeting factor for ß-lactamase, PhoA and ribose-binding protein, replacing SecB during export (11) . The interpretation of in vivo Ffh-and FtsY-depletion experiments is, however, complicated by the observation that targeting and integration of SecY is SRP-dependent. Decreasing the cellular concentrations of either SRP or FtsY simultaneously reduces the concentration of active translocons, making it difficult to differentiate between those export defects caused primarily by SRP/FtsY-depletion and those originating from diminished concentrations of SecY (6, 14) .
In E. coli, the ability of SRP to interact with its substrate is predominantly dependent on the length and the hydrophobicity of the signal sequence (15) (16) (17) . Signal anchor sequences of integral membrane proteins like mannitol permease (MtlA) (18) or FtsQ (17) have been shown to efficiently crosslink with SRP, while such an interaction cannot be detected with the cleavable signal sequences of secretory proteins such as the outer membrane protein OmpA (18) . However, signal sequence mutants of the SecB-independent secretory protein PhoA can be cross linked to SRP provided that the hydrophobicity of the signal sequence is increased by inserting multiple leucine residues (7, 15, 17) . The SecB-dependent outer membrane protein PhoE has also been shown to interact with SRP under conditions in which the hydrophobicity and the extension of the .-helical signal sequence is increased by replacing a helix-breaking glycine residue with a helix-promoting leucine residue (19) . This PhoE derivative, however, is still exported in an SRPindependent manner. SRP binding to cleavable signal sequences of secretory proteins is further influenced by Trigger Factor, a ribosome-associated chaperone (15, 17, 18 In vitro reactions. The composition of the transcription/translation system of E. coli and the purification of its components, the preparation of INV, the flotation gradient analysis and proteinase K protection assay employed in this study have been described previously (1, 6, 8) .
Synthesis of nascent chains was achieved as described in Beck et al. (18) , in the presence of 51DVH+8OJPO6D51$DQWL-sense oligonucleotide (25) and JO oligonucleotide Bla-175 (5´-GCAGGCATCGTGGTGTCACG-3`). Chemical cross-linking using DSS (Pierce Chemical Co., Rockford, IL) was performed as described previously (18) . The in vitro reactions for subsequent cross-linking experiments were performed in the presence of HEPES-NaOH instead of triethanolamine acetate. Immunoprecipitation was performed in 4-to 6-fold scaled up reactions using polyclonal rabbit antibodies against Trigger Factor and Ffh, covalently linked to protein A-Sepharose matrix (26).
9
Sample analysis and quantification. All samples were analyzed on SDS-polyacrylamide gels (13%, 15% or 7-17%). Radiolabeled proteins were visualized by phosphorimaging using a Molecular Dynamics PhosphorImager and quantified using Imagequant software from Molecular Dynamics.
RESULTS

In vitro synthesis and translocation of ß-lactamase
For analyzing its targeting to and its translocation across the E. coli membrane, the ß-lactamase gene of pBlueskript II was cloned under a T7-dependent promoter in a kanamycinresistant pBlueskript derivative. In vitro synthesis was performed using a highly purified E. coli cell extract. Transport of ß-lactamase was analyzed using inside-out inner membrane vesicles (28), and consequently, the transport of SecA-independent proteins like MtlA are not impaired by this mutation. The function of SecG is also specifically associated with the SecA function (29) and does not seem to be required for SecA-independent protein transport (27) . The secY39 mutation affects both the SecA-dependent as well as the SRPdependent protein transport. However, the effects on ß-lactamase and OmpA translocation are more severe than on MtlA integration. A complete block of MtlA integration can only be observed in SecE-depleted INV (Fig. 2, middle panel) . SecE-depletion concomitantly leads also to reduced SecY concentrations, since in the absence of SecE, SecY is rapidly degraded by the 12 membrane bound protease FtsH (30) , resulting in a transport defect for both SecA-and SRPdependent proteins. In summary, these data indicate that ß-lactamase translocation depends on the same domains of SecY and the same components of the translocon as the translocation of the SRP-independent substrate OmpA which argues for a SecA-dependent translocation of ß-lactamase.
Fig. 2
The SecA-dependency was directly tested by utilizing a new assay system for SecAdependent proteins, based on the biochemical complementation of the secY205 mutant INV with a mutant SecA (28) . A systematic search for secA mutations suppressing the secY205 phenotype led to the isolation of allele-specific suppressors, one of which is the secA36 mutant, carrying a single amino acid substitution within the high affinity ATP binding site of SecA (28) . Using PCR we amplified the secA36 allele from the mutant strain GN42 and cloned it into a T7-dependent expression vector for overexpression and purification. The purified SecA36 was then tested for its ability to suppress in vitro the translocation defect of the secY205 INV. As shown in Fig. 3 (top panel), in the absence of SecA36, no ß-lactamase translocation into secY205 INV was observed, the presence of SecA36, however, enhanced ß-lactamase translocation significantly (Fig. 3, Under wild type conditions, a strong crosslink between ß-lactamase and Trigger Factor was observed (Fig. 5, lane 4) , whereas no significant interaction with Ffh could be detected ( 
Fig. 5 FtsY-depleted INV support ß-lactamase translocation
The proposal that ß-lactamase is targeted to the membrane via the SRP pathway is mainly based on in vivo depletion experiments in which Ffh or 4.5S RNA, the components of the bacterial SRP, or the SRP-receptor FtsY had been depleted (11) (12) (13) . In several studies it had been shown that ß-lactamase export is sensitive towards reduced levels of SRP/FtsY suggesting a direct involvement of the SRP pathway in ß-lactamase transport (12) . These studies, however, did not take into consideration that SecY, the central component of the bacterial translocon is targeted to the membrane via the SRP pathway and consequently any impairment of the SRPpathway will ultimately also effect the translocation of SRP-independent substrates. We therefore used an E. coli mutant strain in which the expression of FtsY is under the control of the araB promoter and monitored the cellular levels of both FtsY and SecY by western blotting (data not shown). Cells were grown in the absence of arabinose and harvested immediately after the FtsY concentration declined but before a significant reduction of the SecY concentration was observed.
These cells were then used for the preparation of INV.
Fig. 6
We first tested the FtsY-depleted vesicles for their ability to support the integration of the SRP-dependent substrate MtlA. As shown in 
DISCUSSION
Although the majority of secretory proteins in E. coli depend on both SecA and SecB for translocation (2, 31) , there is a subset of secretory proteins which are SecB-independent, and for this reason are considered to be dependent on SRP. A chaperoning function of SRP for the SecBindependent secretory proteins PhoA, RBP and ß-lactamase has been mainly deduced from in vivo depletion experiments, in which the individual components of the SRP-pathway have been depleted, resulting in the accumulation of preproteins in the cytoplasm (11) (12) (13) . A further characterization of SRP-dependent substrates in E. coli has, however, identified SecY as an SRP substrate, raising the possibility that the observed translocation defects are primarily the result of a reduced number of SecY translocons (6, 14) . Notably, in these depletion experiments also SecB dependent proteins like OmpF, LamB and maltose-binding protein were affected (11, 12) , further pointing to secondary effects obscuring the true substrate specificity of the bacterial SRP. This has been confirmed by recent in vivo analyses using a temperature sensitive ffh mutant (32) .
While the insertion of the membrane proteins FtsQ and AcrB was significantly impaired in this mutant, there was no effect on signal sequence processing of secretory proteins like PhoA, maltose-binding protein or LamB. The processing of ß-lactamase, however, was slightly delayed under non-permissive conditions (32) . These data could indicate that among the secretory proteins, at least ß-lactamase might interact with SRP. This has been also deduced from the fact that the signal sequence of ß-lactamase is more hydrophobic than the signal sequences of other secretory proteins (Table 2 ) (7).
Using protease protection assays, flotation gradient centrifugation and chemical cross- is also involved in the export of secretory proteins. In several studies it has been shown that the hydrophobicity of the targeting signal is probably the dominating feature for the selective recognition by the bacterial SRP (15) (16) (17) . SRP is able to bind to mutated signal sequences of secretory proteins, characterized by increased hydrophobicity (7, 15, 17, 33, 34) . Binding of SRP to this modified signal sequences, however, does not necessarily route the protein into the cotranslational targeting pathway. A PhoE mutant, carrying a glycin to leucin substitution within the signal sequence is bound with high affinity by SRP as analyzed by chemical crosslinking but does not depend on the SRP pathway in vivo (19) . Calculating the hydrophobicity of different signal sequences from secretory proteins and the first signal anchor sequences of membrane proteins using the MEMSAT-algorithm (35) , reveals that the hydrophobicity value of both ß-lactamase and the membrane protein leader peptidase are within the cut-off range of 2.8-3.2 for which the overlap between predicted membrane proteins and predicted soluble proteins is minimized ( Table 2 ). The hydrophobicity values of other experimentally identified SRP substrates are constantly above this cut-off value while the value for secretory proteins is always below. This supports the argument that the hydrophobicity is the main determinant for SRP binding, but further suggests that for proteins with intermediate hydrophobicity other factors might be important as well for selecting the targeting route.
Table 2
We have previously shown that the secretory protein OmpA is recognized by SRP in the absence of the ribosome-associated chaperone Trigger Factor (18) , suggesting that secretory proteins, as they emerge from the ribosome are preferentially recognized by Trigger Factor, preventing a stable interaction with SRP. This is different from what we observed for ß-lactamase nascent chains. Even in the absence of Trigger Factor, only a weak interaction with SRP can be detected. This is surprising in view of the significantly higher hydrophobicity of the ß-lactamase signal sequence in comparison to the OmpA signal sequence (Table 2) . Thus, neither the hydrophobicity of the ß-lactamase signal sequence nor binding of Trigger Factor to ß-lactamase, provide a comprehensive explanation on why SRP fails to interact with ß-lactamase RNCs.
It has recently been suggested that the conformation of the signal sequence is an important Collectively, our results demonstrate that the SecB-independent protein ß-lactamase does not interact with the bacterial SRP and can be efficiently exported in the absence of a functional 20 SRP-pathway. It has been previously shown that ß-lactamase interacts with GroEL and GroES (37, 38) and that export of ß-lactamase is impaired in groEL and groES mutants (39) . It therefore seems to be likely that GroEL and GroES substitute for SecB as transport-specific chaperones.
Furthermore, the data presented here strongly support the view that the bacterial SRP is specific for membrane proteins and is not involved in the export of secretory proteins. 
